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Inspired by the experimental findings of an exotic ferromagnetic insulating state in
LaMnO3/SrTiO3 heterostructures, we calculate the electronic and magnetic state of
LaMnO3/SrTiO3 superlattices with comparable thicknesses employing ab-initio dynamical mean-
field theory. Projecting on the low-energy subspace of Mn 3d and Ti 3d states, and solving a
multi-impurity problem, our approach emphasizes on local correlations at Mn and Ti sites. We find
that a ferromagnetic insulating state emerges due to intrinsic effects of strong correlations in the
system, in agreement with experimental studies. We also predict that, due to electronic correlations,
the emerging 2D electron gas is located at the LMO side of the interface. This is in contrast to
DFT results that locate the electron gas on the STO side. We estimate the transition temperature
for the paramagnetic to ferromagnetic phase transition, which may be verified experimentally. Im-
portantly, we also clarify that the epitaxial strain is a key ingredient for the emergence of the exotic
ferromagnetic insulating state. This becomes clear from calculations on a strained LaMnO3 system,
also showing ferromagnetism which is not seen in the unstrained bulk material.
Introduction Since the first report of a highly con-
ducting and mobile 2-dimensional electron gas (2DEG)
occurring at the interface of oxide insulators [1], the study
of hetero-interfaces formed between perovskite oxides
has made a serious impact on the scientific community
engaged in experimental and computational condensed
matter research. It has paved the way to many different
prospective device applications, and garnered consider-
able interest in the field of oxide electronics. Interfaces
have been formed between band insulators, for example
between SrTiO3 (STO) and LaAlO3 (LAO) [1, 2], and
between band insulators and Mott insulators, as in the
case of SrTiO3 and GdTiO3 (GTO) [3, 4], with qualita-
tively different behaviour from that of LAO/STO inter-
face. This is due to the fact that GdTiO3, being a Mott
insulator, has a very different band structure compared
to LAO which is a band insulator, which in turn has a
deep influence on the band alignment of the two oxides
making up the interface [5].
Experimental studies on interfaces between coopera-
tive Jahn-Teller (JT) distortion driven insulators like
LaMnO3 (LMO), in which strong correlations have a
significant effect, with band insulators like SrTiO3 have
been carried out in the recent past. In these systems,
the interplay of structural distortions and strong elec-
tronic correlations are expected to lead to a variety of
different phases. Indeed, a large and diverse number
of magnetic and electronic phases of the LMO/STO in-
terfaces have been observed, depending on the relative
thickness of STO and LMO and their geometry [6–12].
Amongst these varied number of electronic and magnetic
states, the most intriguing is the observation of ferro-
magnetic insulating behavior, which has been reported
for both LMO/STO superlattices and thin-film/substrate
geometries when LMO and STO have comparable thick-
nesses [10, 12]. Since ferromagnetism is generally associ-
ated with metallicity, and antiferromagnetism is typically
seen in case of insulators, this happens to be a counter-
intuitive observation.
Ferromagnetic insulators are essential for many new
magnetic devices, such as dissipation-less quantum-
spintronic devices, magnetic tunneling junctions, etc.
Ferromagnetic insulators with a high TC and a high-
symmetry crystal structure are critical for integration
with common single-crystalline oxide films or substrates.
The few known high-symmetry materials either have ex-
tremely low Curie temperatures (≤ 16 K) [13, 14], or re-
quire chemical doping of an otherwise antiferromagnetic
matrix. Thus, it is imperative to theoretically under-
stand the origin of intrinsic ferromagnetic insulating be-
haviour in heterostructures.
Few attempts have been made in case of LMO/STO to
theoretically justify the observed coexistence of ferromag-
netism and insulating properties. Most of these attempts
depend on either symmetry lowering or on orbital polari-
sation effects. However, symmetry lowering in the geom-
etry of strained LMO [15] seems unlikely in superlattices
because LMO is sandwiched between cubic STO. Con-
cerning orbital polarisation, experiments show a signifi-
cant suppression of the JT distortion, further supported
by DFT+U studies [16, 17], which in turn reduces orbital
polarisation [12] in the superlattice geometry that hosts
the ferromagnetic insulating behavior. A further attempt
suggests electronic phase separation leading to the nu-
cleation of metallic nanoscale ferromagnetic islands em-
bedded in an insulating antiferromagnetic matrix. This,
however, is not the case of intrinsic ferromagnetic insu-
lating behaviour [10]. The observed coexistence of fer-
romagnetism and insulating behavior in the LMO/STO
heterostructure thus remains a mystery.
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2Saha-Dasgupta et al. studied the problem considering
bulk LMO, but epitaxially strained to the lattice con-
stants of a square substrate of STO [17]. They consider
the general framework of DFT, which is expected to cap-
ture the structural changes that happen upon epitaxial
straining of LMO correctly, supplemented with Hartree-
Fock based hybrid functional calculations. They find a
ferromagnetic ground state driven by the marked reduc-
tion of orthorhombic distortion in the optimized LMO
structure, when epitaxially strained to the square sub-
strate of STO, resulting in a strong suppression of the
JT distortion. The suppression of the JT distortion and
modification of the octahedral rotation, as captured in
this study, is in agreement with structural characteriza-
tion of LMO/STO superlattices [12]. The treatment of
exact exchange within a hybrid functional resulted in an
insulating solution. This result was attributed to orig-
inate from electronically driven charge disproportiona-
tion within the Mn sublattice that arises due to a strain-
driven enhanced covalency between Mn and O. Calcula-
tions using hybrid functionals on a heterostructure geom-
etry confirmed the ferromagnetic insulating result. How-
ever, charge disproportionation has not been confirmed
experimentally.
The questions that we intend to address in this let-
ter are, thus, well defined. We are interested in looking
at how strong correlations affect these oxide LMO/STO
heterostructure systems. In particular, we intend to
examine the fate of the 2D electron gas. We carry
out paramagnetic density-functional theory (DFT) plus
dynamical mean-field theory (DMFT) calculations on
(LMO)2.5/(STO)2.5 and (LMO)3.5/(STO)2.5 which are
multi-impurity calculations including both Ti-3d and
Mn-3d, and observe a metal-to-insulator phase transition
by varying the interaction strength. Furthermore, we also
find a ferromagnetic insulating solution which is stable at
low enough temperatures. Given the overestimation of
TC in DMFT studies, we estimate the transition temper-
ature to be in the range of ≈ 100 K. Both the heterostruc-
tures, (LMO)2.5/(STO)2.5 and (LMO)3.5/(STO)2.5, yield
qualitatively similar results. In contrast to previous stud-
ies, we find that the 2D electron gas generated due to the
polar catastrophe moves to the LMO side of the interface
and effectively dopes the Mn 3d orbitals.
An important result of our study is that an exotic fer-
romagnetic insulating state emerges also in a calculation
of a bulk LaMnO3 system, which is strained by matching
to a square STO substrate. As LaMnO3 under ambient
pressure conditions is antiferromagnetic, this opens up a
way to induce phase transitions between different mag-
netic states as function of strain. This may be realised
by modern experimental techniques of stress generation.
Computational Details Our DFT calculations for
structural relaxation were carried out in a plane-wave ba-
sis with projector-augmented wave (PAW) potentials [18]
as implemented in the Vienna Ab-initio Simulation Pack-
age (VASP) [19, 20]. As DFT exchange-correlation func-
tional we chose the generalized gradient approximation
(GGA), implemented following the Perdew Burke Ernz-
erhof (PBE) prescription [21]. For ionic relaxations, in-
ternal positions of the atoms were allowed to relax until
the forces became less than 0.005 eV/A˚. An energy cutoff
of 550 eV, and a 5×5×3 MonkhorstPack k-points mesh
provided good convergence of the total energy.
For our DFT+DMFT calculations, we performed first
DFT calculations using the PBE functional in the full-
potential augmented plane-wave basis as implemented in
wien2k [22]. We used the largest possible muffin-tin
radii and the basis set plane-wave cutoff as defined by
Rmin ·Kmax = 7.5, where Rmin is the muffin-tin radius of
the oxygen atoms. The consistency between VASP and
wien2k results has been cross-checked. The band struc-
ture of the LMO/STO heterostructures consists of both
Mn and Ti bands at the Fermi level. For paramagnetic
calculations, only Mn t2g orbitals have been considered
for the DMFT calculation, while for ferromagnetic cal-
culations all five Mn d orbitals have been taken into ac-
count to allow for high-spin solutions. In all calculations
we also included the Ti t2g orbitals as being correlated.
We performed the DMFT calculations in a basis set of
projective Wannier functions, which were calculated us-
ing the TRIQS/DFTTools package [23–26]. The Ander-
son impurity problems were solved using the continuous-
time quantum Monte Carlo algorithm in the hybridiza-
tion expansion (CT-HYB) [27] as implemented in the
TRIQS/CTHYB package [28]. We performed one-shot
calculations, with the double-counting correction treated
in the fully-localized limit [29]. We used the rotationally-
invariant Kanamori interaction [30]. For our calcula-
tions we used U values ranging from 4.5-8 eV and J
varying between 0.5-0.75 eV to investigate the metal-to-
insulator transition. As commonly used, we set the intra-
orbital interaction to be U ′ = U − 2J . Spin-flip and
pair-hopping terms were also included in the Hamilto-
nian. Real-frequency results have been obtained from
imaginary-frequency data using the maximum-entropy
method of analytic continuation as implemented in the
TRIQS/MAXENT application [31].
The problem of unstrained bulk LaMnO3 has been
widely studied in literature and it is well known that
a large value of static effective Hubbard U is required in
DFT+U methods to account for the experimentally ob-
served band gap of the A-type AFM insulating state. For
instance, a large value of effective U = 8 eV was required
to obtain a band gap of 1.4 eV [32]. A previous study
shows that calculations using hybrid functionals with HF
exchange of 25% yield a value of 1.7 eV band gap [17]. We
want to note that the actual value of the band gap of bulk
LMO is also not clear experimentally. There is a rather
large distribution of values, ranging from 1.1 [33], over
1.7 [34] and 1.9 [35], up to 2.0 eV [36, 37]. It has been
observed that within DFT+U a large value of static ef-
3FIG. 1: (Color online) Top: (LMO)3.5/(STO)2.5 superlattice,
with 2 symmetric n-type interfaces. Bottomn: Unstrained
and epitaxially strained LMO when the lattice constants of
LMO are matched to an STO lattice.
fective U is generally required to match the experimental
values of the band gap.
LMO/STO Superlattice We investigate the electronic
structure of LMO on STO in the experimental set-up,
i.e., we consider an actual heterostructure consisting of
LMO and STO layers. In addition to the square epi-
taxial strain generated due to the mismatch between the
LMO and STO unit cells, the superlattices in particu-
lar involves the polar discontinuity formed between LMO
consisting of alternating layers of LaO and MnO2 of +1
and -1 charges, resp., and STO consisting of alternating
charge neutral layers of SrO and TiO2. The latter would
cause half a charge to be transferred between the layers
at the interface. Neither the direction nor extent of this
charge transfer has been clarified. We consider superlat-
tice geometries of LMO/STO, with an alternate repeti-
tion of LMO and STO layers of comparable thickness,
stacked along the [001] direction. This creates two sym-
metric n-type interfaces between the LaO layer of LMO
and the TiO2 layer of STO [5, 12]. The structure of the
superlattice for the case of (LMO)3.5/(STO)2.5 has been
shown in the top panel of Fig. 1. Comparable thick-
nesses are chosen since the FM insulating state has been
experimentally observed for superlattice geometries with
nearly equal thickness of LMO and STO layers [12]. In
this letter we show multi-impurity calculations for het-
erostructure systems, which are not very common in ex-
isting literature.
For the structural relaxation, we place LMO in an or-
thorhombic geometry matching to the square plane of
FIG. 2: (Color online) Spectral functions for Ti t2g [dxy(cyan),
dyz(red), dxz (green)] and Mn t2g [color code is the same as
for Ti] orbitals showing the paramagnetic insulating phase
at β = 40 eV−1. Ti1, Ti2, Mn1, Mn2 belong to different
inequivalent layers of the (LMO)3.5/(STO)2.5 superlattice and
form the four impurities of the system.
FIG. 3: (Color online) Spectral functions for Ti t2g [dxy(cyan),
dyz(red), dxz (green)] and Mn d[dx2−y2(magenta), dz2 (black),
and the color for t2g same as in case of Ti] orbitals showing
FM insulating phase at β = 60 eV−1. Ti1, Ti2, Mn1, Mn2 be-
long to different inequivalent layers of the (LMO)3.5/(STO)2.5
superlattice.
STO layers (in the [100] and [010] directions). Here a√
2×√2×c supercell of both LMO and STO was allowed
to tilt and rotate. This results in four Mn and Ti atoms
in each MnO2 and TiO2 layer, respectively. The ionic
positions and c lattice parameters are allowed to relax,
keeping the constraint on the planar lattice constants of
a = b. This generates a square-matched epitaxial strain
of -1.8%. The optimized structure shows a significant
decrease in JT distortion, and modification of tilt and
rotation angles in LMO, while some JT distortion, and
tilt and rotation is introduced in the STO due to its prox-
imity to the distorted LMO block. This is very similar
to other heterostructures such as GTO/STO [5].
Our paramagnetic DFT calculations reveal a metallic
solution with Ti t2g and Mn t2g states at Fermi level.
We first carry out paramagnetic DMFT calculations at
β = 40 eV−1, including Ti t2g and Mn t2g orbitals. We
use U = 6 eV and J = 0.75 eV on Ti t2g, and U = 8 eV
4and J = 0.75 eV on Mn t2g. This gives an insulating
solution with a band gap of ∼ 2 eV seen in the spectral
function, as shown in Fig. 2. The insulating state may
be driven to a metallic state by reducing the value of U
on Mn to below U = 6 eV.
In the next step, in order to account for a spin-
polarised solution, we first extend the Wannier basis set
to include all 3d orbitals of Mn to allow for the high-
spin state of Mn with magnetic moment of 4µB . Start-
ing from the paramagentic solutions, we introduce a spin
splitting in the real part of the self energies and let the
DMFT iterative cycle converge to a possibly spin-split
solution. We carry out the calculations at various val-
ues of β between 40 to 80 eV−1. At β = 40 eV−1, the
calculation converges still to a paramagnetic state, but
when reducing the temperature we find a transition to
a ferromagnetic ground state. The spectral function at
β = 60 eV−1 is shown in Fig. 3. We see a clear splitting
between the up and down spin channels, and a reasonably
large band gap.
What is very interesting to note is that the Ti t2g or-
bitals are now completely emptied out; the occupancies of
the Ti t2g orbitals are negligible, whereas the occupancies
of the Mn d orbitals are ∼ 4.5 each. This indicates that
the electron gas is located at the the LMO side of the in-
terface when correlations are included and properly taken
care of. In contrast, previous studies using DFT+U and
hybrid functionals put the electron gas at the STO side
and explain the insulating behavior of Ti electrons by a
high-spin polarisation [17]. However, those approaches
are inadequate when it comes to capturing the correct
nature of correlations. From our calculations, however,
we can show from an actual first-principles calculation
the doping of Mn due to the 2DEG, arising purely from
correlation effects. Though this has been suggested be-
fore [10] and used to propose a superparamagnetic state
(ferromagnetic puddles in an antiferromagnetic matrix)
instead of an actual intrinsic ferromagnetic insulating
state, explicit calculations showing this doping of LMO
did not exist.
Next, we look at the temperature dependence of
the ferromagnetic solution. Since for this purpose
a larger number of calculations at different temper-
atures are required, we are doing calculations for a
(LMO)2.5/(STO)2.5 heterostructure. This structure is
obtained from (LMO)3.5/(STO)2.5 as shown in Fig. 1 by
removing one LMO layer. Hence, this reduces the num-
ber of inequivalent Mn atoms from two to one, leading
to a three-impurity DMFT problem and, hence, makes
calculations cheaper. Importantly, (LMO)2.5/(STO)2.5
shows essentially the same qualitative electronic struc-
ture as (LMO)3.5/(STO)2.5.
We plot the Wannier magnetic moments on Mn, ob-
tained from the density matrix of the spin-split DMFT
solution, in Fig. 4. It is obvious that a transition from a
paramagnetic to a ferromagnetic state occurs at around
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FIG. 4: (Color online) Plot of Wannier magnetic moments of
Mn as function of temperature.
FIG. 5: (Color online) DMFT spectral functions calculated
starting from spin-polarised DFT, for Ti t2g [dxy(cyan),
dyz(red), dxz (green)] and Mn d [dx2−y2(magenta), dz2
(black), and the t2g same as in case of Ti]. We see a FM
insulating phase at β = 60 eV−1.
β = 60,eV−1, which corresponds roughly to a tempera-
ture of 200 K. Given the fact that DMFT overestimates
strongly the magnetic transition temperatures [38], we
would give a rough estimate for the transition tempera-
ture TC to be around 50-100 K. A more precise predic-
tion is beyond the capabilities of single-site DMFT cal-
culations. We note that the Ne´el temperature for bulk
unstrained LMO has been measured experimentally and
found to be ∼ 177 K. We also note that our saturated
magnetic moment is enhanced to ∼ 4.9µB , instead of
4µB as expected for Mn with a d
4 configuration. This
enhancement comes from the two symmetric n-type inter-
faces giving 0.5e each to the 2DEG. This again confirms
that indeed the electron generated due to polar catastro-
phe moves to the LMO side of the interface and dopes
the Mn atoms instead of the Ti atoms.
Finally, to further re-affirm our results, we carry out
spin-polarised DFT calculations and then look at the
DMFT solution to see how correlations affect the already
spin-polarised system. Our spin-polarised DFT results
5FIG. 6: (Color online) Spectral functions for epitaxially strained LMO, Mn d [dxy(cyan), dyz(red), dxz (green), dx2−y2(magenta),
dz2 (black)] at β = 40 eV
−1 (left panel) and 60 eV−1 (right panel) respectively. At β = 40 eV−1 we see a paramagnetic phase
and at β = 60 eV−1 we observe a ferromagnetic phase with a clear spin splitting.
show Ti d, specifically the dxy states, and the Mn t2g
states at the Fermi level. We carry out DMFT calcu-
lations at β = 60 eV−1, within a basis set of Ti t2g and
Mn d. We use the same interaction parameters as before.
We find again a ferromagnetic insulating solution with a
reasonable band gap as shown in Fig. 5. Our calculations
further show that also here the Ti t2g states empty out
and the 2DEG moves to the LMO side and dopes the Mn
d states which become insulating. The spectral function
in Fig. 5 itself looks similar to the previous case, Fig. 3,
where we see a clear separation between Mn t2g and eg
states, and empty Ti t2g states. We thus confirm that our
results are robust and independent of initial conditions.
All our calculations confirm the presence of an intrinsic
ferromagnetic insulating state, arising due to electronic
correlations, and clarify the location of the extra charge
due to the polar catastrophe.
Epitaxially strained LMO In this final part, we want
to clarify the role of strain on the magnetic state, and
whether the heterostructure geometry is necessary for it.
This we do by looking at bulk LMO samples.
Bulk unstrained LMO crystallizes in the orthorhombic
Pbnm crystal structure, and is an A-type antiferromag-
netic insulator. In order to mimic the effect of epitaxial
strain, we carry out “strained-bulk” calculations. The
structural parameters (c lattice parameter and ionic po-
sitions) of the orthorhombic perovskite unit cells are opti-
mized under the constraint that the two in-plane lattice
vectors, defining the epitaxial substrate, are kept fixed
to produce the specific square lattice corresponding to
the substrate, in our case that of STO. The lower panel
of Fig. 1 shows the structure of unstrained and strained
LMO, viewed along the c direction. We find a rather
strong influence of strain on the structural parameters of
LMO, particularly on the JT distortion, which becomes
negligibly small in case of a compressive strain of 1.8%
generated by an STO substrate with ac = 3.905 A˚. A
strong reduction of tilt and rotation of the octahedra is
also seen due to the epitaxial strain of the square sub-
strate.
Paramagnetic DFT+DMFT calculations with interac-
tion values U = 6 eV and J = 0.75 eV yield an insulting
ground state at β = 40 eV−1 as seen in left panel of
Fig. 6. As for the heterstructure calculations, we then
try to find a spin-split solution by introducing a spin-
splitting to the paramagnetic solution. Doing so, we find
a ferromagnetic insulator with a net magnetization of
M = 3.96 at β = 60 eV−1. The spectral function for this
ferromagnet is shown in the right panel of Fig. 6. If we
decrease β slightly, there is a phase transition to a M = 0
paramagnetic insulating phase at β = 50 eV−1. Thus, we
obtain here a very similar TC as in the previous case of
the LMO/STO heterostructures.
We thus conclude that our DFT+DMFT calculations
based on a five-orbital dmodel yield a ferromagnetic insu-
lator within a reasonable range of interaction parameters
for epitaxially strained LMO as well, a phase which is not
seen in the bulk unstrained condition of LMO. The neces-
sary strain may be generated experimentally very easily
by modern piezoelectric methods of strain generation as
recently demonstrated by Hicks et al. [39].
Summary and Discussion With the aim to pro-
vide an understanding for the ferromagnetic insulat-
ing state in LMO/STO heterostructures, we apply ab-
initio DFT+DMFT methods to both superlattices of
LMO/STO and strained-bulk LMO structures.
We investigated the case of LMO/STO superlattice
structures with comparable thicknesses of LMO and
STO. The ground state was found to be insulating in
both paramagnetic and ferromagnetic DFT+DMFT cal-
culations. In all heterostructure geometries that we con-
sidered, the 2DEG was found to reside on the LMO side
of the interface, contrary to DFT results. Though this
has been suggested before, this is the first time that an
actual first-principles calculation shows the doping of Mn
due to the 2DEG. We also showed that the transition
6temperature from paramagnetic to ferromagnetic phase
is high enough to be of practical relevance and accessible
to experimental studies.
Finally, we showed that epitaxial straining of LMO
to the square substrate of STO is key for the ferro-
magnetic ground state. This primarily results from a
strong suppression of the JT distortion, which quenches
the orbital polarization and hence antiferromagnetism in
turn. For the “strained-bulk” structure, it was found that
DFT+DMFT yields a ferromagnetic insulating solution
for small enough temperature. The critical temperature
TC here is similar to the case of the heterostructures.
Since the exotic ferromagnetic insulating state does ex-
ist in case of strained LMO, it may even be realised by
using modern piezoelectric experimental techniques for
generating uni/biaxial strain. Our study shows from the
perspective of correlation and dynamics, the emergence
of the exotic ferromagnetic insulating state, which has
been touted to be immensely important in case of many
spintronics applications.
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